Based on the concentration of gases such as propylene and ethylene in the atmosphere of a mine, it is possible to assess the development of a mine fire. With the increase of coal temperature, an increased emission of these gases has been observed. However, the experiment results presented in this paper prove that the use of propylene and ethylene for the prediction of the spontaneous combustion of coal have some limitations. It was found that during a flow of gas mixture through the sorption column, propylene and ethylene were sorbed on coal. This phenomenon manifests in smaller amounts of gases at the outlet of the sorption column. By comparing the concentration of ethylene to propylene at the inlet of the column, it was concluded that the ratio was usually below 3, whereas the range of the ratio at the end of the column was between 0.6-353. The value of gases ratio changed depending on the type of coal material in the column. The results of this experiment provide useful information that the quantitative relation between ethylene and propylene concentrations may indicate the occurrence of the sorption process on carbon materials in coal seams.
Introduction
Coal remains the dominant fuel in the global energy structure, despite the fact that a decrease in the share of coal in global energy consumption has been observed, caused by an increase of share of renewable fuels and gas. The constant demand for coal makes it necessary to extract coal from new and deeper deposits. The increase in the depth of extraction can be a reason for many natural hazards which may result in serious accidents in mines. Out of these, self-heating of coal is the phenomenon which leads to fires in coal mines across the world. It occurs when the volume of air flow through the coal seam is sufficient to support oxidation reaction but not enough to carry off the heat produced by the coal oxidation [1] . Negative results of this natural process are reflected in the necessary isolation of the threatened area, massive destruction of the valuable resource of coal, and a risk for the work safety of miners. Various methods have been developed and introduced to mining practice in order to accurately detect fires and their positions in underground mines [2, 3] . In coal-producing countries in the world, the most used method is based on the analysis of the mine air composition, which consists of determining the gaseous components, both under safe conditions and when there is any change in composition of mine air [4] . Data obtained over a period of time in safe conditions constitutes a background level for daily measurements at the control stations. Additionally, the routine results of quantitative analyses of gaseous components are compared with the reference gas emission profile depending on the temperature obtained during the laboratory tests of coal heating in the reactor. The composition of multi-component gas mixture is measured through chromatographic analyses. Carbon monoxide, as a commonly occurring oxidation product, is the most frequently recommended Sustainability 2018, 10, 2468 2 of 9 gas in the detection of fire hazards in all countries [5] [6] [7] [8] . Carbon monoxide is produced at lower temperatures and its concentration increases with the change of coal temperature; therefore, the use of this gas in fire detection seems to be reliable. However, fire hazard assessment based on carbon monoxide has some limitations, due to the fact that the high concentration of carbon monoxide may not be related to the oxidation process [9, 10] . Therefore, the analysis of the composition of the mine air is complemented with monitoring of changes in other gases, such as ethylene and propylene. They are useful indicators because the concentration of those gases in mine atmosphere also significantly increases with coal temperature. However, the temperature at which unsaturated hydrocarbons becomes noticeable is higher than for carbon monoxide. A significant problem in forecasting fire based on the gas content in the mine is that propylene and ethylene may also subject to sorption on coal. Numerous studies have demonstrated that the above gases flowing through the coal seam may become trapped by physical or chemical sorption in the coal porous structure [11] [12] [13] . The sorption process refers to the phenomenon occurring at the solid-gas interface. In physical sorption, a multi-molecular layer is formed by the weak interaction between adsorbate-adsorbent (via van der Waals forces) [14] . In chemical sorption, the monolayer is formed by the strong chemical bonds. The sorption process is described by gas adsorption isotherms. There are several well-known models used to quantitatively describe the sorption isotherms: Langmuir, Brunauer-Emmett-Teller (BET), Dubinin-Radushkevich (DR) and Dubinin-Astakhov (DA), respectively [15] [16] [17] [18] . To effectively describe the gas adsorption behavior at low pressure the Langmuir model is recommended [19] . Unsaturated hydrocarbons have a double bond between carbon atoms that promotes their reactivity, so they can react readily with active functional groups on the surface of coal. A sorption of combustion gases can be reflected in the change of gas concentration in the gas emission profile. However, this phenomenon may cause differences between the results obtained under real and laboratory conditions, where the sorption process does not occur. The objective of this paper is to propose a sorption index, which would allow the determination of whether the change of the ethylene or propylene concentration in mine air corresponds to the sorption process on carbon materials. This approach would provide guidance for more effective prevention of the spontaneous combustion of coal.
Materials and Methods
The laboratory-scale installation for studying the sorption process of gas mixture (including ethylene and propylene) on coal materials is presented in Figure 1 .
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The laboratory-scale installation for studying the sorption process of gas mixture (including ethylene and propylene) on coal materials is presented in Figure 1 . A cylindrical fixed bed reactor with an external diameter of 0.07 m and height of 0.18 m constituted the part of the installation where a simulated self-heating of coal was performed. The reactor was heated using a resistance furnace mounted on a specially designed tripod. The oxidizing agent in the studied process was synthetic air supplied from a gas cylinder. The amount of gas generated during the heated process was measured by means of a mass flow meter for aggressive gases. A gas mixture produced in the reactor was directly released via the sorption column with a width of 0.025 m and height of 1 m. Tedlar bags with airtight valves were used to collect gas samples. The composition of the gaseous mixtures exiting the reactor and sorption column was analyzed using a gas chromatograph. A Hewlett Packard 6890 Series gas chromatograph with flame ionization detector was used for the detection of ethylene and propylene in the multi-component gas mixture. Pure helium was applied as a carrier gas. The compounds were burnt in a mixture of hydrogen and synthetic air flame.
The measurements of sorption process were performed on coals collected from Polish mines located in the Upper Silesia Coal Basin. The characteristic of these samples, in the form of carbon and oxygen elements content, is given in Table 1 . The elemental analysis of samples was performed in the accredited Laboratory of Solid Fuels Quality Assessment of the Central Mining Institute in accordance with the relevant standard in force: PN-G-04571:1998 and the internal procedure. In the study, coal samples of particle size from 1.0-2.0 mm and weight 0.4 kg were placed in the reactor and heated to the desired temperatures. The measurements were performed at various temperatures of coal heating in the reactor: 373 K, 423 K, 473 K and 523 K. After the desired temperature was obtained, an oxidizing medium was injected. The synthetic air was the medium in the process. As the result of oxidation and decomposition of the coal, a mixture of various gaseous compounds was released, among them ethylene and propylene. This gas mixture was streamed with a flow rate of 13 cm 3 /min through the sorption column packed with coal with a grain class of 0.5-0.7 mm. At the outlet and the inlet of the sorption column the gas samples were collected in Tedlar bags and their composition was determined using a gas chromatograph. In the experimental tests, both sorption column and heated reactor were filled with the same coal sample.
Based on the results from the sorption experiments, a relationship between the ethylene and propylene concentration in the multi-component gas mixtures was established both at the inlet and the outlet of the sorption column. This quantitative relation was labeled with the term of the 'sorption index' (S G ) and calculated by the following equation
where S G is the sorption index, and C e and C p are the concentration of ethylene and propylene, respectively (ppm).
Results and Discussion
The sorption index was first calculated on the basis of the concentration of ethylene and propylene in the mixture released from the coal self-heating under laboratory conditions. Then the index was calculated based on the concentration of the above gases mixture after it passed through the sorption column. In both case the index was calculated by means of Equation (1). The results obtained from calculations performed for the ten coal samples are shown in Figures 2 and 3 . Figure 2 shows the sorption index value for gases flowing out of the reactor at the temperatures of 323 K, 373 K, 423 K, 473 K and 523 K, respectively. While Figure 3a -c,e represents the values at the outlet of the sorption column at the temperatures of 323 K, 373 K, 423 K, 473 K and 523 K, respectively. In the case of samples with number 1-9, the sorption indices were calculated based on the results obtained and published in earlier papers [20] [21] [22] , but in this study these results were used in the context of the sorption index (S G ).
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In the next part of this study, the sorption ratios were calculated on the basis of samples taken from mine air in real conditions and referred to the results obtained in the laboratory test. A representative sample was made of 1008 objects, which were the results of chromatographic analyses of mine air samples collected over a period of time, both in safe conditions and in fire-hazard situations. The calculation of the sorption index, together with the results of the carbon monoxide concentrations for all gaseous samples, are presented in Figures 5 and 6 . Figure 5 presents the index parameters of 824 gaseous samples taken from different places underground such as longwall workings or from behind isolating dams, located in different coal mines. Based on these results, it was observed that 93% of analyzed objects indicated a sorption index below 3, whereas only 7% of all objects had values above 3, including 3% at the range 3-4. Moreover, high concentration of carbon monoxide is not always correlated with a higher index value. For instance, sample numbers 396, 397, 405 and 412 were characterized by high concentrations of CO and had sorption indices in the range 1.1-2.2. All these samples were taken from the same mine, so it is likely that coal from that location does not have good sorption properties, thus low index values were observed. Both high concentrations of carbon monoxide and a high value of the sorption index were noticed in the case of samples 699, 694, 690 and 670. It can be noticed that, for example, Sample 7, with a carbon content of 64.18% w/w, has a mean of C 2 H 4 /C 3 H 6 ratios 45.06 and standard deviation of 37.80 (max = 102 and min = 2.49), whereas Sample 8, with a carbon content of 79.55% w/w, has a mean value of 3.55 and standard deviation of 0.6 (max = 4.39 and min = 3.00). Additionally, compared with the elemental analysis results (expressed as the O/C ratio for each sample), mean values of the sorption index at the outlet of the column show an upward trend with an increase of the oxygen content while the carbon content declines, which corresponds with the higher value of the O/C ratio (between 0.16-0.20). This can be explained by the fact that coals of lower metamorphism characterized by a higher oxygen content and lower carbon content have a good sorption capacity and availability of numerous polar active sites on coal surface, thus they can sorb a larger amount of propylene [23, 24] . These oxygen-active groups such as hydroxyl, carboxyl, carbonyl and methoxyl groups present on the coal play a significant role in the sorption process of gas molecules on coals. They add polarity to the organic surface of coal because of the strong electronegative nature of oxygen atoms. In general, as the metamorphic degree declines, the content of oxygen-containing polar group tends to increase [25, 26] .
In the next part of this study, the sorption ratios were calculated on the basis of samples taken from mine air in real conditions and referred to the results obtained in the laboratory test. A representative sample was made of 1008 objects, which were the results of chromatographic analyses of mine air samples collected over a period of time, both in safe conditions and in fire-hazard situations. The calculation of the sorption index, together with the results of the carbon monoxide concentrations for all gaseous samples, are presented in Figures 5 and 6 . Figure 5 presents the index parameters of 824 gaseous samples taken from different places underground such as longwall workings or from behind isolating dams, located in different coal mines. Based on these results, it was observed that 93% of analyzed objects indicated a sorption index below 3, whereas only 7% of all objects had values above 3, including 3% at the range 3-4. Moreover, high concentration of carbon monoxide is not always correlated with a higher index value. For instance, sample numbers 396, 397, 405 and 412 were characterized by high concentrations of CO and had sorption indices in the range 1.1-2.2. All these samples were taken from the same mine, so it is likely that coal from that location does not have good sorption properties, thus low index values were observed. Both high concentrations of carbon monoxide and a high value of the sorption index were noticed in the case of samples 699, 694, 690 and 670. Figure 6 show the results of 184 samples describing the fire hazard situation in a coal mine. In the case of advanced heating, the production of combustion gases increases with an increase in coal temperature. The state of fully developed fire in the coal mine is indicated by the highest release of both the carbon monoxide and hydrocarbons such as ethylene and propylene. For samples with the numbers 1-111, the sorption index had values below 3. As the concentration of carbon monoxide showed an upward trend, the index went up significantly. The above results may be caused by the sorption ability of propylene on the coal surface, which is reflected in low concentrations of propylene in mine air. With the decrease of carbon monoxide in mine atmosphere, the values of sorption indices indicated a slow downward trend.
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The aim of the present study was to provide useful insights concerning the occurrence of fire gas sorption in underground coal mines. A laboratory-scale research stand was constructed to The above results may be caused by the sorption ability of propylene on the coal surface, which is reflected in low concentrations of propylene in mine air. With the decrease of carbon monoxide in mine atmosphere, the values of sorption indices indicated a slow downward trend.
The aim of the present study was to provide useful insights concerning the occurrence of fire gas sorption in underground coal mines. A laboratory-scale research stand was constructed to perform the sorption test on coal materials. The adsorbate was a gas mixture released during the self-heating of coal in the reactor. It was found that the sorption index, calculated based on the concentration of gases released during a simulated self-heating of coal, attained values below 3. The flow of the gas mixture through the coal caused the values of indices for samples collected at the inlet of the sorption to be higher than for samples taken at the outlet of the sorption column, especially for coal of lower metamorphism. Compared with the initial concentration, the concentration of propylene at the outlet of the sorption column showed a significant downward trend, especially for coal of lower metamorphism. This result indicates that the propylene underwent sorption on coal material. Based on the results for samples taken from the mine air under real conditions, it was established that the sorption index of combustion products under safe condition underground mainly had values below 3, while under fire state the sorption index obtained values above 3. This may be affected by the sorption process of propylene on coal material.
Based on all calculations for samples taken from both laboratory and real conditions it can be concluded that the ratio of ethylene to propylene attains values below 3 when the sorption process of propylene does not occur and the state inside the coal mine is safe. These observations allow us to conclude that the increase of value index may indicate the sorption of combustion gases. Additionally, this phenomenon was observed at higher temperatures. Future research on the sorption index (S G ) should pay attention to its limitations and the factors that can affect its applicability. 
Conflicts of Interest:
The authors declare no conflicts of interest. The founding sponsors had no role: in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.
